• Gene expression in TCRengineered cells resembles that of virus-reactive cells more than native tumor antigen-reactive cells.
Introduction
Clinical protocols based on administration of ex vivo-stimulated tumor-infiltrating lymphocytes (TILs) demonstrated that cell-based immunotherapy is a safe and efficacious option for the treatment of otherwise incurable malignancies. 1 More recently, advances in gene transfer technologies facilitated the development of alternative approaches that involved the delivery of transgenes encoding antitumor antigen receptors into readily available peripheral blood lymphocytes (PBLs). Antibody-based chimeric antigen receptors (CARs), or natural T-cell receptor (TCR)-engineered T cells from peripheral blood have mediated cancer regression in both hematological and solid malignancies, [2] [3] [4] [5] but the biology of these genetically modified cells has not been thoroughly characterized in vivo.
Previous reports have shown that circulating lymphocytes derived from the adoptively transferred gene-modified PBLs displayed different phenotypic and molecular traits than the cellular product administered to patients. 4, 6 While the study of the biology of genetically engineered PBLs in patients is limited, we previously reported that expression of introduced TCR genes was decreased in postinfusion cells, which compromised the antitumor reactivity of these cells. 7 In the present study, we conducted a detailed analysis of immunerelated gene expression using platforms that allowed for the direct quantitation of gene expression in order to study the molecular mechanisms governing the fate of these engineered cells in vivo. These studies used murine-derived TCRs as a unique cell-surface tag to directly isolate engineered T cells from clinical samples taken from 10 patients undergoing adoptive cell-transfer therapies (ACTs). We focused our attention on genes involved in T-cell reactivity, and observed overexpression of several inhibitors of T-cell function in persisting cells, including programmed cell death 1 (PDCD1). Expression of the gene product, PD-1, was confirmed in persisting lymphocytes and was associated with reduced production of interferon (IFN)g upon in vitro stimulation. Moreover, we studied the potential detrimental effects of surface expression of CD160, a molecule previously described as a coinhibitory receptor for T cells, and demonstrated the novel finding that, in the context of ACT, CD160 expression is associated with decreased reactivity of TCR-engineered CD8
1 lymphocytes in a ligand-independent manner.
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Flow cytometry and magnetic separation
Analytical flow cytometry analyses were performed using a FACSCanto I or FACSCanto II flow cytometer with FACSDiva software (BD Biosciences), and analyzed using FlowJo software (Tree Star). Preparative flow cytometry was performed using a FACSAria cell sorter (BD Biosciences). Details on antibodies can be found in supplemental Methods (available on the Blood website). Negative selection of T cells was performed using the Pan T cell isolation kit II (Miltenyi Biotec).
Gene-expression analysis
Total RNA from T cells was isolated using an RNeasy kit (Qiagen) according to the manufacturer's instructions. The nCounter Analysis System 9 (NanoString Technologies) was used to screen for the expression of 511 genes involved in human immunology using the nCounter GX Human Immunology Kit (NanoString Technologies) as instructed by the manufacturer. One hundred nanograms of total RNA was used. Counts were normalized to internal controls and reference genes (HPRT1, G6PD, and ABCF1) using nSolve software. Analysis of changes in gene expression was performed using Partek Genomic Suite (Partek Incorporated). For real-time polymerase chain reaction (PCR) analysis of gene expression, we used pathway-focused T Cell Anergy and Tolerance RT 2 Profiler PCR array (PAHS-074C; SABiosciences). Data were analyzed using RT2 Profiler PCR Array Data Analysis software, provided by the manufacturer, normalizing gene expression to that of 5 reference genes (ACTB, HPRT1, B2M, GAPDH, and RPL13A). The complete lists of genes analyzed by NanoString and by PCR arrays are shown in supplemental Tables 4 and 5 . CD160 and ACTB expression was measured using commercially available TaqMan probe/primer sets (Applied Biosystems) according to the manufacturer's instructions.
Results
Murine TCRs permit direct isolation of gene-marked T cells from patient blood
Nine metastatic melanoma patients, and 1 synovial cell sarcoma patient, enrolled in clinical trials involving ACTs of lymphocytes engineered with murine TCRs were analyzed for persistence of TCR gene expression. Seven patients received HLA-A*0201-restricted TCRs specific for premelanosome protein gp100, 4 2 of which also received anti-MART1 TCR-transduced cells in combination with total body irradiation (Clinical Trial #NCT00923195), and 3 patients received anti-MAGE-A3 TCR-engineered T cells. 8 All patients received nonmyeloablative lymphodepleting chemotherapy prior to cell infusion and high-dose interleukin (IL)-2 postinfusion. Five of the patients included in this study were nonresponders, 3 were partial responders, and 2 were complete responders based on RECIST 10 criteria (Table 1) . We were able to accurately quantify the presence of transgenic lymphocytes in the patient circulation 1 month postinfusion by staining for the murine TCR b chain. Persistence at 1 month, determined by flow cytometry, ranged from 14% to 86% of the peripheral blood CD3 1 cell and did not correlate with infused cell dose or with clinical response (Table 1) . We isolated 3 cell populations from each patient for comparative gene-expression analysis: postinfusion, infusion, and preinfusion samples ( Figure 1A ). Transgenic T cells persisting 1 month postinfusion were fluorescence-activated cell sorter (FACS)-sorted based on dual staining with anti-CD3 and anti-mouse TCR b-chain (mTCRb) antibodies to high purity ( Figure 1B-C) . Infusion samples consisted of the infusion preparations administered to patients (.97% CD3 1 cells). Nine of 10 patient cell preparations (patients 2-10, Table 1 ) were grown using the Rapid Expansion Protocol (REP), 11 which included stimulation with anti-CD3 monoclonal antibody (mAb), IL-2, and addition of irradiated allogeneic peripheral blood mononuclear cell (PBMC) feeder cells (patient 1 received short-term cultured cells grown without feeders). A detailed description of the production of infusion cells is available in the supplemental 
Methods. Preinfusion samples consisted of CD3
1 cells isolated by negative selection from patients' peripheral blood before any treatment was initiated. In all cases, cryopreserved samples were thawed and immediately processed without further culture in vitro. Cells were kept on ice during the procedures to minimize manipulation-induced changes in gene expression.
Analysis of differentially expressed genes shows major differences between postinfusion and infusion samples, but fewer differences between postinfusion and preinfusion T cells
Expression of 511 genes involved in immune function was analyzed using a direct, solution-hybridization-based methodology (Nanostring) that permits unbiased quantitation of mRNA levels. Geneexpression analysis was performed on FACS-sorted postinfusion transgenic T cells, as well as in matched infusion preparations and untransduced preinfusion T cells from patients. Unsupervised exploration of gene expression by principal component analysis (PCA) showed a separation of samples in three groups corresponding to preinfusion, infusion, and postinfusion samples, with a principal component accounting for 23.5% of the variability (Figure 2A ). This analysis, however, failed to group samples based on clinical response (supplemental Figure 1A) . A total of 156 genes were identified as differentially expressed (fold change [FC] , absolute value . 2, P , .05) between postinfusion and infusion samples, and 170 genes between infusion and preinfusion samples ( Figure 2B ). In contrast, only 84 genes were differentially expressed between postinfusion and preinfusion cells ( Figure 2B ). Eighteen genes were differentially expressed in all 3 comparisons, in that their expression levels in persisting transgenic lymphocytes were intermediate between expression levels found in preinfusion and in infusion cells ( Figures 2C and 3A) . Genes with differential expression between postinfusion and preinfusion cells that did not follow this pattern (45 in total) included markers of differentiation such as GNLY (granulysin) and PRF1 (perforin), both overexpressed postinfusion, and chemokine receptor CCR7, downregulated postinfusion) ( Figure 3B ). The complete sets of differentially expressed genes for the comparisons between postinfusion and infusion cells, infusion and preinfusion, and between postinfusion and preinfusion lymphocytes are listed in Table 2,  supplemental Table 1, and supplemental Table 2 , respectively.
We next used a real-time PCR-based assay to analyze the expression of a gene set that partially overlapped with that analyzed by Nanostring (supplemental Figure 2 ). This additional analysis confirmed the changes in gene expression identified by Nanostring (shown in parenthesis in Table 2 ). Of the genes analyzed by PCR array, only 4 were differentially expressed between postinfusion and preinfusion samples. FOXP1, FOXP3, and CCR4 were underexpressed, while CD70 was overexpressed. FOXP1 expression, which was differentially expressed in all 3 comparisons by real-time PCR, was confirmed by western blot (supplemental Figure 3) .
Among the differentially regulated genes, a series of inhibitory receptors were overexpressed postinfusion, including PDCD1 (PD-1) and a group of MHC-binding negative receptors known to modulate T-cell activation by competing with TCR for binding of HLA molecules and by signaling through immunoreceptor tyrosine-based 
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For personal use only. on November 7, 2017. by guest www.bloodjournal.org From inhibition motifs (ITIMs): LILRA1, LILRA6, LILRB1, LILRB2, LILRB3, and LILRB4 (FC 6.69-2.67; Table 2 ). KIR2DL2, a gene encoding for another MHC-binding negative receptor previously described as overexpressed in CD8 T cells of melanoma patients, 12 was overexpressed in persisting lymphocytes compared with both infusion and preinfusion cells (FC 4.79, P 5 .03; Table 2 ; supplemental Table 2 ). In the analysis of 2 other well-studied genes, mRNA encoding for inhibitory cytokine TGFB1 was higher in postinfusion samples than in infusion cells (Table 2; Figure 3A ) whereas mRNA encoding for antiapoptotic gene BCL2 was less abundant in postinfusion cells (Table 2) . Anergy-related genes 13 DGKA, NFATC2, CBLB, and ITCH were also overexpressed postinfusion (supplemental Table 3 ).
Postinfusion lymphocytes express PD-1 and are sensitive to PD-L1 expressed in target cells PDCD1, which encodes for inhibitory receptor PD-1, was significantly overexpressed in postinfusion cells (FC5 4.06, P 5 .009; Table 2 ). To verify PD-1 surface expression, flow cytometry was performed on infusion and postinfusion CD8 1 T cells, which showed a significant increase in PD-1 staining on postinfusion cells compared with infusion counterparts ( Figure 4A ). To test for the biological relevance of increased PD-1 expression, we performed coculture experiments of patients' postinfusion lymphocytes against target cells overexpressing PD-1 ligand, PD-L1 (supplemental Figure 4) . As shown in Figure 4B , postinfusion CD8 1 cells produced less IFNg when cocultured with PD-L1 overexpressing targets, suggesting that persisting TCR-engineered lymphocytes were sensitive to PD-1/PD-L1 inhibition.
CD160 is overexpressed postinfusion and its expression is associated with lower IFNg production PD-1 upregulation has been associated with exhaustion due to sustained antigen stimulation. To determine whether PD-1 expression in transgenic T cells might be an indicator of exhaustion in the context of ACT, we analyzed, by FACS, the expression of other exhaustion markers such as LAG-3, 2B4 (CD244), and CD160. While LAG-3 was underexpressed on the surface of postinfusion T cells compared with infusion cells, 2B4 was expressed at high levels in both cell types ( Figure 4C ). CD160 was expressed at higher levels in postinfusion cells than in infusion counterparts, both at RNA (supplemental Figure 5 ) and protein levels ( Figure 4C ). The natural ligand for CD160 is herpes virus entry mediator (HVEM) (encoded by TNFRSF14), and CD160/HVEM interaction can inhibit CD4 1 cell activation. 14 However, ligation of HVEM by the alternate receptor LIGHT (TNFSF14) acts as a costimulatory signal for T cells. 15, 16 Consistent with previous reports, 17 we found that HVEM is expressed in human melanoma tumors ( Figure 4D ). Since LIGHT was significantly underexpressed in postinfusion samples according to RT-PCR data (supplemental Table 3 ; FC 23.02, P 5 .003), we analyzed the balance of surface expression of LIGHT and CD160 in patient's postinfusion cells. While coinhibitory receptor CD160 was consistently expressed, the costimulatory receptor LIGHT was present at very low or undetectable levels ( Figure 4E ), suggesting that binding to HVEM would result in an inhibitory effect on T cell activation.
To test the relevance of this pathway for the functionality of TCR-engineered T cells, we performed coculture experiments using both infusion and postinfusion patient samples with melanoma lines engineered to overexpress HVEM (supplemental Figure 4) , and monitored IFNg production by intracellular staining. Expression patterns of genes differentially expressed between postinfusion and preinfusion samples, which did not return to levels similar to preinfusion after engraftment.
BLOOD 
CD160-expressing T cells show decreased IFNg production independently of the presence of ligands in target cells
To test whether CD160-associated impairment in IFNg production was an intrinsic property of postinfusion cells, or if it was rather mediated by binding to a different ligand, we analyzed IFNg production in CD160 Figure 5C . This trend was observed in both infusion and postinfusion samples, but the difference was statistically significant only in postinfusion samples. Figure 5D ).
Discussion
Advanced therapies based on adoptive transfer of tumor targeted T lymphocytes have proven efficacious in treating human malignancies, even in the context of disseminated, heavily pretreated disease. Long-term persistence of transferred cells has been documented by us 3, 4, 6 and others 18 and, moreover, a correlation between persistence of adoptively transferred TILs and clinical response was found. 1 These observations suggest that the antitumor effect of adoptively transferred cells might rely on a sustained immune reaction against tumor cells. Long-term persistence of these cells might also constitute an attractive immune-surveillance system potentially preventing recurrences in patients undergoing clinical responses.
Although the dynamics of cellular immunity have been extensively studied in the context of antiviral and, to some extent, antitumor responses, 19 those findings may not necessarily apply to the biology of adoptively transferred genetically engineered cells. Unlike For personal use only. on November 7, 2017 . by guest www.bloodjournal.org From TCR. Thus, the fate of transferred cells in vivo might substantially differ from the well-characterized processes leading to establishment of natural immune memory or, alternatively, tolerance and/or exhaustion. 20 We previously reported that persisting TCR-transduced T cells displayed reduced expression levels of the exogenous TCR compared with the infusion sample, which might negatively impact on the antitumor activity of persisting cells. 7 In the present study, we sought to further clarify aspects of the biology of gene-engineered T cells, by exploring the differences in expression of immunerelated genes between persisting engineered cells and the cellular product that was initially administered to the patients. Using technologies that directly quantitate RNA levels (Nanostring and Q-RT-PCR arrays) we observed a high proportion of genes with differential expression between the persisting and infusion cell populations. Expression patterns of differentiation markers such as IL-7R and CD62L (SELL) were consistent with previous observations demonstrating an increase postinfusion. 6 Interestingly, by analyzing preinfusion T cells, we observed that most differences in gene expression between preinfusion and infusion cells were the mirror image of those found when comparing postinfusion vs infusion cells, suggesting that persisting cells either acquire or are selected for gene-expression patterns that are similar to those present in their parental nonmanipulated peripheral blood T cells. that this polyfunctionality might be associated with the clinical outcome. 21 Recently, the same authors reported the single cell-based multiplexed analysis of secreted molecules in 3 ACT patients, confirming the presence of polyfunctional transgenic lymphocytes and hypothesizing on the impact of adoptively transferred cells on the endogenous antitumor response. 22 The present study is, to our knowledge, the first multipatient multi-time-point gene-expression analysis of adoptively transferred, gene-engineered human lymphocytes. The changes in gene expression described in our study were likely associated to a general process occurring both in patients undergoing clinical responses and in those with progressive disease because minimal differences in gene expression were found between responders and nonresponders. A larger number of samples would likely be needed to identify gene-expression patterns associated with clinical outcomes. Of note, several negative regulators of cell function were overexpressed in persisting lymphocytes, including FOXP1, 23 CBL-B, [24] [25] [26] 14 HVEM can be a ligand for inhibitory or stimulatory receptors expressed in T cells 15, 16 and has been described as a mechanism of inhibition induced by regulatory T cells. 35 Its role as a ligand is particularly relevant in the immune response against melanoma tumors, which express HVEM at high frequency. 17 We conducted a series of experiments aimed at clarifying the functional relevance of CD160 overexpression, and we did it in parallel to PD-1, a well-characterized coinhibitory receptor that was also overexpressed in postinfusion cells. Functional experiments conducted ex vivo revealed that CD160 [38] [39] [40] we suggest that treatments involving disruption of PD-1/PD-L1 interaction by means of blocking antibodies might impact positively on the clinical outcome of ACT using geneengineered T cells. Moreover, it has been reported that PD-L1 is induced by IFNg in antigen-presenting cells 41 and melanoma cells, 42 and that PD-L1 expression in melanoma cells is higher in areas of the tumor presenting a higher T-cell infiltration, 43 suggesting that PD-L1 expression in the tumor microenvironment might be increased after ACT.
The relevance of coinhibitory signaling in the context of immunotherapy of cancer has been highlighted by findings from several preclinical studies 17, 44 and clinical trials [38] [39] [40] 45, 46 where disruption of immune checkpoint signaling pathways resulted in enhanced antitumor immunity. 45 The detrimental effects of coinhibitory signaling might not be restricted to an acute inhibition of T-cell function because it has been postulated that sustained signaling can lead to cellular exhaustion. 46 The induction of exhaustion in T cells specific for tumor antigens has been explored based on the similarities between chronic viral infections and cancer vis-a-vis the sustained exposure of T cells to cognate antigens in presence of inflammation. In this regard, Baitsch et al characterized a population of MART-1-specific T CD8 1 cells present in melanoma metastatic lesions of patients vaccinated with MART-1 peptide, finding that TILs presented a transcriptomic profile enriched in markers of exhaustion. 47 Interestingly, they found that although CD160 was expressed by T cells specific for latent viral infections, it was not expressed by MART-1-specific T cells present either in peripheral blood or within metastatic lesions. This is in contrast with our results on CD160 expression in peripheral blood gp100-and MAGE A3-specific TCR-engineered T cells and may reflect the inherent differences between the biology of endogenous antigenspecific lymphocytes arising from vaccination (or via priming by tumor cells) and that of adoptively transferred gene-engineered T cells. 49 In our dataset, KIR2DL2 mRNA was overexpressed in postinfusion compared with infusion cells, and was the only inhibitory receptor of its kind that was not significantly expressed in preinfusion cells ( Figure 3B ). It is plausible that the observed association between CD160 expression and functional impairment is indicative of an exhaustion-like process occurring in adoptively transferred gene-engineered T cells.
In summary, our results provide new insight into the biology of TCR-transgenic human T cells across different steps of adoptive cell transfer therapy protocols, showing the dynamics of mRNA expression of genes involved in immune function. These studies were made possible by the use of a unique reagent, murine TCRs, which permit the highly specific isolation of gene-marked T cells directly from patient blood. The knowledge of gene-expression dynamics may serve as a basis for the development of refined gene therapies in which the expression of therapeutic genes might be regulated by coupling them to the transcriptional control of genes or microRNAs that are specifically expressed in infusion or postinfusion samples. Finally, the expression of PD-1 in 1-month postinfusion lymphocytes and the sensitivity of these cells to PD-L1-induced inhibition, may represent an opportunity for therapeutic intervention. Combination immunotherapy involving blocking antibodies, or PDCD1 gene inactivation using zinc finger nucleases, might lead to the development of more efficacious ACT treatments for cancer.
